Introduction
Atherosclerosis is a lipid-driven, chronic inflammatory disease of the vessel wall in which both innate and adaptive immune responses play a role [1] . Immune cells and their mediators directly cause the chronic arterial inflammation that is a hallmark of atherosclerosis. Macrophages, T lymphocytes and, to a lesser extent, mast cells contribute to the smoldering inflammatory response in the vessel wall [2, 3] . The array of cytokines implicated in atherosclerosis are strikingly similar to those used by immune effector cells to kill foreign pathogens and defective or diseased host cells [4] . Virtually every major cell lineage used in host defense has been identified in human and/or animal plaques [4] [5] [6] .
Numerous genetic loss-or gain-of-function studies in animal models and other evidence shows that immune cell types are generally neither bystanders nor a consequence of plaque development, but instead directly participate in the disease. T cells are known to play a critical role during lesion development. Both Th1 and Th2 cells are involved in the process in a delicate interplay between the two cell types [7] . The recent addition of T helper 17 (Th17) cells to the mix has further complicated the roles each cell type might play during lesion development. The IL-23 (interleukin-23)-IL-17 axis is emerging as a critical regulatory system that bridges the innate and adaptive immune systems. While IL-17 is predominantly a proinflammatory cytokine, it has pleiotropic and environment-specific functions. Indeed IL-17 was found to be both proinflammatory and protective for various inflammatory disease models, depending on the model and the environment it acts in [8] [9] [10] .
While IL-17 has been reported to be important in the pathogenesis of several inflammatory disorders and has been linked to inflammatory bowel disease [11] [12] [13] , others have reported that IL-17A mediates a protective effect on T cell-driven intestinal inflammation in vivo [8] . Since the Th1 axis plays a critical role in the development of atherosclerosis, and because the Th17 pathway can drive Th1 responses, one would expect that IL-17 would have a proatherogenic function. However, IL-17 has complex and multiple functions, including regulatory functions, and the role of IL-17A in atherogenesis remains unclear. Recently, several papers have shown conflicting data: one study suggested a protective function for IL-17 in atherogenesis [14] , while several others showed a proatherogenic properties of IL-17 and Th17 T-cells [15, 16] . Here we summarize the current understanding of T lymphocytes, particularly Th17 cells in the development of atherosclerosis.
Progression of Atherogenesis
The earliest sign of atherosclerosis is endothelial cell dysfunction, activation in response to oxidized lipids in the subendothelium, and expression of VCAM-1 (vascular cell-adhesion molecule 1) [17, 18] , which triggers both the adhesion of leukocytes and migration of activated platelets into the endothelium by an increased permeability for plasma lipid components, such as low-density lipoprotein (LDL) [4, 19] . Monocytes and T cells bind to VCAM-1-expressing endothelial cells and migrate into the arterial tissue. The recruited monocytes then differentiate into macrophages and augment expression of many pattern-recognition receptors, including scavenger receptors [20, 21] . The macrophages accumulate cholesterol via scavenger receptors and become foam cells. This leads to intimal fatty-streak lesions. During this time, there is a chronic inflammatory response to these modified lipids [4] .
The inflammatory response is mediated by components of the innate immune system, including macrophages and dendritic cells [22, 23] and by components of the adaptive immune system, including T lymphocytes [4, 24] . T cells become activated in response to antigen and contribute to disease progression by producing proinflammatory mediators, which further amplifies the inflammatory response. The continued cell accumulation and the subsequent apoptosis of plaque cells lead to the formation of a necrotic core and result in the progressive narrowing of the arterial lumen.
The pro-and anti-inflammatory mediators regulate the magnitude of the inflammatory response within the plaque as well as plaque stability and the propensity for thrombus formation by modulating apoptosis, collagen production, and smooth muscle cell content. In the later stages of atherogenesis, B cells and plasma cells also appear in the deeper layers of the plaque and in the adventitia [25] . Secretion of matrix proteases and cytokines by plaque cells can then trigger thinning of the fibrous cap and its disintegration with plaque erosion or rupture, leading to thrombus formation and vascular occlusion, which underlie coronary syndromes, myocardial infarction, and stroke.
Th1 Immunity in Atherosclerosis
It has been clearly shown that the adaptive immune system affects the development of atherosclerosis [22] . At present, Th1 cytokines are regarded as important proinflammatory regulators during atherogenesis. Most of the T cells in atherosclerotic plaques are Th1 cells. In apolipoprotein E-deficient (apoE -/-) or LDL receptor-deficient (LDLR -/-) mice in combination with both T and B cell deficiencies, there is a significant reduction in early atherosclerotic lesion development [26, 27] . The principal Th1 cytokine, IFN-␥ , is produced by most T cells in the human atherosclerotic plaque [28, 29] . Moreover, adoptive transfer of CD4+ T cells from apoE -/-mice into apoE -/-severe combined immunodefiency mice enhances atherosclerosis [30] . The transplanted cells produced high levels of IFN-␥ , suggesting a Th1-related proatherogenic effect. Atherosclerosis is attenuated in both IFN-␥ -deficient and IFN-␥ R-deficient mice [31] [32] [33] , and injections of recombinant IFN-␥ increase lesion size [34] . While IFN-␥ injections lead to a decrease in serum cholesterol, this effect does not protect against the proatherogenic effect of IFN-␥ [34] .
IL-12 is the principal cytokine promoting Th1 development. IL-12 synergizes with IL-18 for full induction of IFN-␥ . Recombinant IL-12 aggravates disease in apoE -/-mice, concomitant with increased IFN-␥ expression in the aorta [35] . Indeed, apoE -/-IL-12p40 -/-mice exhibit reduced atherosclerotic plaque area [36] . apoE -/-mice treated with plasmid DNA encoding for IL-18 binding protein [37] and apoE -/-IL-18 -/-mice [38] exhibited reduced lesion development, whereas IL-18 treatment of apoE -/-mice accelerated atherosclerosis development [39] . Thus, IL-18 was hypothesized to have proatherogenic effects.
Two major autoantigens, oxidized LDL and heat shock proteins (HSP), have been implicated in the pathogenesis of atherosclerosis [29, 40, 41] . After challenge with HSP, plaque-derived T cells expressed Th1 functions, became cytotoxic, and induced tissue factor production in macrophages [41] . The results of the recent study by Matsuura et al. [42] also indicated that the systemic Th1-immune response against Hp-HSP60 induced by Helicobacter pylori infection in the gastric mucosa might promote atherosclerosis because elevated production of Th1-cytokines, such as IFN-␥ and IL-12, was observed as well as expression of T-bet mRNA (Th1-polarization marker) [42] . Overall, these results provide convincing elements to incriminate Th1-related responses in the promotion of atherosclerotic plaque development and progression ( fig. 1 ). Color version available online
Th2 Cells
In contrast, Th2 cells produce mostly IL-4, IL-5, and IL-10, and are associated with eosinophilic inflammatory responses to helminths, ticks, and allergens. The Th2 axis inhibits the formation and differentiation of Th1 cells and vice versa. IL-5 deficiency in LDLR -/-mice leads to enhanced lesion formation in a bone marrow transplantation model [43] . Thus, IL-5 acts in an antiatherogenic fashion by stimulating the production of protective antibodies. The Th2 cytokine profile in mouse models of atherosclerosis is associated with increased production of 'protective' antioxidized LDL antibodies [44] . Furthermore, splenectomy in cholesterolfed apoE -/-mice, which is associated with reduced levels of IgM and Th2-related IgG antioxidized LDL antibodies, increases atherosclerosis [45] . In addition, promoting Th2 responses in mice with mild hypercholesterolemia results in a reduction of early fatty-streak formation [46] . However, LDLR -/-mice reconstituted with IL-4-deficient bone marrow develop less severe atherosclerosis [47] , particularly at the advanced stages of lesion progression [36] . This data indicate that IL-4 may be proatherogenic.
Th1 and Th2: Yin and Yang
The interplay between Th1 and Th2 cell types describes an attractive concept of yin and yang controlling the development of atherosclerosis [48, 49] . On the other hand, IL-12, the prototypical Th1 skewing cytokine commonly produced by cells in the atherosclerotic lesion, can block the effects of the Th2 skewing cytokine, thymic stromal lymphopoietin protein. This protein has been shown to be produced by smooth muscle cells in the lung and, thus, it is possible that the arterial smooth muscle cells might also produce this Th2 skewing cytokine [50] .
T Regulatory Cells
Recently, CD4+CD25+ regulatory T cells (Tregs) and Th17 cells have been described as two distinct subsets of Th1 and Th2 cells. Tregs expressing the forkhead/winged helix transcription factor (Foxp3) have an anti-inflammatory role and maintain tolerance to self-components by contact-dependent suppression or releasing anti-inflammatory cytokines [IL-10 and transforming growth factor (TGF)-␤ 1]. It has been demonstrated that TGF-␤ has an antiatherosclerotic effect by using TGF-␤ neutralizing antibodies [51] , genetic deficiency in TGF-␤ [52] , or soluble TGF-␤ receptors [53] in apoE -/-mice. Reduction in atherosclerosis in apoE -/-mice has also been achieved through adoptive transfer of CD4+CD25+ Tregs [54, 55] . The protective role of IL-10 in [56] atherosclerosis has also been shown in C57BL6 mice, apoE -/-mice, and the LDLR -/-mouse model [57] [58] [59] [60] . The balance between Th17 and Tregs may be important in the development/ prevention of inflammatory and autoimmune diseases [61] ( fig. 1 ).
Th17 Axis
Recently a subset of CD4 T cells has been categorized into the Th17 lineage, which is distinct from the Th1 and Th2 lineages [62, 63] . Th17 cells differentiate from naive CD4+ T cells by TGF-␤ 1, and the inflammatory cytokine IL-6. IL-21 produced by Th17 cells promotes Th17 cell commitment in an autocrine manner, whereas IL-23 maintains and expands these cells in vivo. The transcription factors ROR ␥ t and ROR ␣ can be induced by IL-6, IL-21, and IL-23 through Stat3 alone with TGF-␤ 1 [64] [65] [66] [67] [68] [69] [70] . Th17 cell development is controlled by transcription factors ROR ␥ t (human ortholog is RORC) and ROR ␣ . It has been reported that LPS-stimulated dendritic cells are potent inducers of Th17 development [71] . In addition to IL-6 and TGF-␤ 1, inflammatory cytokines such as IL-1 and tumor necrosis factor (TNF) are contributors to murine Th17 differentiation. Although differentiation of Th17 cells in vitro can occur in the absence of IL-1, IL-1RI -/-mice have impaired Th17 cell differentiation and reduced incidence of EAE associated with failure to induce autoantigen-specific Th17 cells [72] . It has been demonstrated that the activator protein 1 transcription factor Batf controls Th17 differentiation [73] . Batf( 
Members of IL-17 Family Ligands
IL-17 and its related proteins have been cloned, grouped, and designated as the IL-17 cytokine family (IL-17A-F) [10, 63] . IL-17, which is primarily produced by Th17 cells, coordinates local tissue inflammation via induced release of proinflammatory cytokines and neutrophil-mobilizing chemokines from various cell types, including epithelial cells [9] . IL-17 is involved in the pathogenesis of several autoimmune diseases such as rheumatoid arthritis, inflammatory bowel disease, and asthma. This cytokine may also contribute to host defense during microbial infections of the lung [74] . However, IL-23-mediated IL-17A has also been associated with a protective role in T cell-mediated intestinal inflammation [8] . Therefore, its effect on the surrounding tissues and local immune system may be environmentspecific and probably depends on the overall immunological state at the time in specific disease models.
Thus far, six IL-17 family ligands (IL-17A through IL-17F) have been identified. All members of the IL-17 family share a similar protein structure characterized by four highly conserved cysteine residues, but they have no sequence similarity to any other known cytokines [75, 76] . IL-17E, more commonly called IL-25, has different biologic functions, but shares structural features with other IL-17 family members [77, 78] . IL-17A and IL-17F (which are 55% homologous) are both produced by Th17 cells and are the most characterized to date. The IL-17A and IL-17F genes are located adjacent to each other, suggesting the genes encoding IL-17A and IL-17F are the result of a duplication event. Moreover, the IL-17A and IL-17F transcription factor ROR ␥ t exhibits a similar expression pattern [79] [80] [81] . Both IL-17A and IL-17F act as homodimers, but an IL-17A/F heterodimer has been described recently [82] [83] [84] . Since IL-17A and IL-17F share common features, they may have a similar regulatory effect. They also induce common transducing pathways through a complex composed of the IL-17RA and IL-17RC receptors [85, 86] . Unlike IL-17A and IL-17F, IL-17E is involved in promoting Th2 immune responses [63] . Furthermore, IL-17E is known to play an important role during allergic airway hyper-reactivity reactions [87] .
The IL-17 receptor (IL-17R) subfamily includes IL-17RA, IL-17RB, IL-17RC, IL-17RD, and IL-17RE reviewed in [10, 13] . IL-17RD is also known to have a similar expression as fibroblast growth factor receptor (SEF), as it was initially described as having the same expression pattern as the fibroblast growth factor receptor during zebrafish development [19] . The IL-17A receptor is ubiquitously expressed and the cytokine leads to pleiotropic activities, including induction of TNF-␣ , IL-1, and MCP-1, as well as adhesion molecules like intercellular adhesion molecule 1 (ICAM-1) [88] .
IL-17/Th17 and Inflammation and Atherosclerosis
Th17 cells, characterized by production of the inflammatory cytokine IL-17, were shown to promote chronic inflammatory as well as autoimmune diseases, including experimental models of arthritis, autoimmune encephalitis, and colitis [89, 90] . While the role of IL-17 has been studied extensively in several inflammatory and autoimmune disorders, its role in atherosclerosis development remains controversial. Previously, only indirect clues existed for the potential role of IL-17 in atherogenesis. LDLR/IL-6 double KO mice, which exhibit a decrease of IL-17 levels [91] , were found to have a modest reduction in atherosclerotic lesion development, suggesting a potential role for Th17 in the promotion of atherogenesis. Most importantly, a recent study demonstrated the concomitant presence of IL-17 and IFN-␥ in clinical specimens of coronary atherosclerosis by showing the presence of IL-17/IFN-␥ dual-producing T cells within coronary plaques and a synergistic effect of IL-17 and IFN-␥ on elicitation of proinflammatory cytokine and chemokine production by cultured human vascular smooth muscle cells [92] . Another study reported that patients with acute coronary syndrome have significantly increased peripheral Th17 cell numbers, circulating Th17-related cytokine levels (IL-17, IL-6, and IL-23), increased expression of the transcription factor (ROR ␥ t), and a decrease in Treg numbers. Additionally, Treg-related cytokines (IL-10 and TGF-␤ 1), and the transcription factor Foxp3 were all reduced as compared with patients with stable angina and controls [93] .
In contrast to these studies, Taleb et al. [14] recently published loss of suppressor of cytokine signaling-3 (SOCS-3) in mouse T cells increases both IL-17A and IL-10 production, inducing an anti-inflammatory macrophage phenotype which results in a reduction in lesion development and vascular inflammation. This suggests that IL-17 may have a protective role in atherogenesis. However, it was unclear as to whether IL-10 or IL-17 was leading to the suppressor phenotype, as IL-10 is a very potent regulatory cytokine which is atheroprotective. Additionally, these investigators have also shown that in vivo administration of rIL-17 to LDLR -/-mice resulted in reduced endothelial VCAM-1 expression, as well as reduced vascular T cell infiltration and atherosclerotic lesion development [14] . These investigators concluded that endogenous expression of SOCS3 in T cells interrupts a major regulatory pathway in atherosclerosis through inhibition of IL-17 production and that IL-17 functions as an atheroprotective cytokine [14] . Interestingly, several more recent studies by various investigators have now shown additional, and in some cases more direct, evidence for the proatherogenic role of IL-17. Xie et al. [94] demonstrated that apoE -/-mice express a significant increase in Th17-related cytokines (IL-17 and IL-6) and transcription factor (ROR ␥ t) levels and a concomitant decrease in Treg numbers, Treg-related cytokines (TGF-␤ 1), and transcription factor (Foxp3) levels as compared with age-matched C57BL/6J mice. This indicates that a Th17/Treg functional imbalance exists during atherogenesis in apoE -/-mice [94] . Another recent study found that different IL-17 family members (IL-17A, IL-17F, and IL-17E) are expressed in human atherosclerotic lesions [95] . The major source of proinflammatory cytokines, IL-17A and IL-17F, were not T cells (Th17), but mast cells and neutrophils [95] . Furthermore, the antiinflammatory cytokine IL-17E was found to be expressed in normal and atherosclerotic vessels, and might play a role in regulating inflammatory processes in the vessel wall [95] . In another recent study investigating the apoE/ IL18 double KO mice, investigators have shown that the exacerbated atherosclerotic lesion formation correlated with increased Th17 cells, IL-23-producing vascular smooth muscle cells and macrophages, and a thin fibrous cap in lesions, a morphology indicative of unstable plaques prone to rupture [96] .
The most direct evidence of the proatherogenic role of IL-17 comes from four very recent studies. van Es et al. [15] conduced bone marrow chimera studies and transplanted irradiated LDLR-deficient recipient mice with IL-17R-deficient bone marrow. They observed that Western-type diet-induced atherosclerotic lesions were reduced by 46% in the aortic root and plaque in the recipient mice.
Erbel et al. [16] administered in vivo IL-17A-blocking antibody in apoE -/-mice, and found that functional blockade of IL-17A reduced atherosclerotic lesion development and decreased plaque vulnerability, cellular infiltration, and tissue activation in apoE-deficient mice. They concluded that the involvement of IL-17 in proatherogenesis appears to be via proinflammatory changes at multiple levels such as cell adhesion, extravasation, cell activation, T cell (co)stimulation/proliferation, and Ag presentation in the inflammatory cascade of atherosclerosis [16] . A limitation of this study is that blocking IL-17A will not prevent the formation of Th17 cells, or other IL-17 producing cell types, which may also have effects aside from IL-17A production [63, 97, 98] .
In the most recent Keystone Symposia (Advances in Molecular Mechanisms of Atherosclerosis, February 2010), Smith et al. [99] showed that IL-17A+ T cells were significantly increased in the aortas and surrounding adventitia, spleen, and lamina propria of aged apoE -/-mice compared to the control C57Bl6 mice. The IL-17A+ cells were characterized as CD45+CD3+ T cells and were predominantly Th17 and ␥ ␦ + T cells. Blockade of IL-17A in apoE -/-mice using adenovirus-produced soluble IL-17R-reduced plaque in treated apoE -/-mice fed a Western diet resulted in significant reduction of atherosclerotic lesions [99] . Nagarajan et al. [100] also demonstrated that apoE/ Fc ␥ chain double KO mice had a 50% reduction of aortic lesion compared to apoE -/-mice, and the double KO mice had high IFN-␥ and IL-17, but lower IL-10 and TGF-␤ expression. In addition to all these studies, we have shown in the same Keystone Meetings that IL-17A -/-mice (on a C57/Bl6 background) develop significantly smaller atherosclerotic lesion size and less lipid deposition in the aorta and aortic sinus following 12 weeks of a high-fat diet (cholate) compared to wild-type C57Bl/6 mice [101] .
Concluding Remarks
Although the precise role of IL-17 in atherosclerosis remains controversial, recent studies have begun to provide more direct evidence that IL-17 seems to be predominantly proatherogenic. Nevertheless, IL-17 clearly has pleiotropic and environment-specific protective and regulatory functions. Hence, the role of IL-17 in various stages of lesion development are still unknown and probably complex. It will therefore be important to further investigate this intersection between more traditional immunology and vascular biology, and to address and resolve questions raised by conflicting studies. Additionally, the effects of other isoforms of IL-17 (e.g. IL-17F or IL-17E) have not even begun to be investigated. This research area will continue to provide many opportunities for investigations that will significantly expand our understanding of how specific immune cells and general immune paradigms, such as Th1, Th2, and Th17, influence the development of atheroma and its clinical sequelae.
